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ABSTRACT

The Astrometric Iinaging Telescope will detect extra-solar planetary systems with iinaging and astrometry.
The optical systemn contains a high-efliciency coronagraphand scatter-collll)clisated nirrors to detect Jupiter-size
planets around nearby stars. The optical systemm adso is distortion free, tolerant to misalignments, and tolerant to
optica surface contamination. This allows for theastrometric precision to detect Uranus-mnass planets. A focal
plane guider and fine guidance sensor arc other clements of the optical design.

1. INTRODUCTION

The Astrometric Imaging Telescope (Al"]") is a planned space-based observatory designed to detect and study
planetary systems and circumnstellar material around hundreds of nearby stars. The telescope provideslight to
two instrumentsthat serialy sharethe focal planc. The Optical Telescope Asseinbly (O T°A) and elements of the
Attitude Control Systemn (ACS) and Science Instruments, comprise the optical system.

The OTA consists of a Ritchey-Chrétien telescope, baflles, structural elements,andan optical bench. The
strut.turc is a 3-tier, 18-bipod, graphite epoxy metering truss. It supports the primmary and secondary mirrors and
maintains their alignment. ‘1'here are 4 rings including the titaninm main ring that holds the primary. Figure 1
shows the OTA.

The telescope has a zero-distortion optical design and the inirror surfaces are figured to provide a high level
of scatter compensation over the central 5 arcsec of the field of view. Table 1 shows the ATT optics design
paramecters.

The two Science Instrumnents USC comnplementary techniques of linaging and astrometry to detect and study
planetary systems. The first instrument, the Circumstellar Imager (CI), contains a high-efliciency coronagraph
that reduces diffracted light from a central star hy more than a factor of 1000. This,together with reduced
scattering optics, allows direct imaging of Jupiter-size planets around nearby stars. The second instrument, the
Astrometric Iinager (Al), makes accurate measurements of the centroids of target stars and reference stars in
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Figure 1: The AIT Optical Telescope Assembly

Table 1: AI'l" Design Parameters

Paraineter

Primary focal length

Primary conic constant
Secondary Diameter
Secondary focal length
Secondary conic constant
Primnary-secon dary separation
Back-focal distance

Systewn focal length

Value
‘1501
7.48 i
-1.0787
0441"1
-2.96 m
-4.9381
5.50 mn
0.50 m
22.64 1n
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Table 2: AT'T Tolerancing

Perturbation — Tolerance
Secondary decenter | + 250 win
Secondary tilt % 30 arcsec
Sccondary conic constant >0.005
Primary conic constant >0.01

Secondary-primary separation | > 1 mm
Optical surface contamination | 5% losses with 50 cmscale width showed
negligible effects

fields. The zero-distortion optical design allows {}1¢ system to be robust: accurate astrometric mcasurements are
achieved even in the presence of reasonably expected optical aberrations and contamin qiion of optical surfaces.
The attitude control system interacts with therest of the optical systemnin two ways. First it receives light
from the edge of the science field of view. Then it points the telescope and maintains the pointing stability to
allow the science observations.
The following sections discuss insomedetail each of tile iimportant and innovative eleinents of the AI'l' optical
system.

2. 11114, TELESCOPEDESIGN

The astrometric principle behind the Al is that a target star canbe accurately located relative to a fixed
field of background stars. The advantages and disadvantages of this technique, along with several observational
systels that utilize it, have been reviewed by Monet.! A time series of measurements of the target and reference
star positions will then revea whether the target star moves. Vor examnple, a star orbiting the center of roam
of its planetary system willshow a periodic motion relative to its reference field. Measurements of the stellar
positions in the field, however, are comnplicated by field- and time-dependent eflects Of the optical system. For
the Al, centroids of stellar IMAgeS are used for positions. Distortion in the OpLICS shifts the centroids leading to
errors inthe positions. Worse, the interaction of distortion with other aberrations such as astigmatisin or with
contamination of the optical surfaces can lead to time-varying positional errors. A zero-distortion optical system
reduces this source of error andis thercfore desirable.

Korsch described a Ritchey-Chrétienzero- distortion optical system.” His solution aso had (to third order) zero
spherical aberration and zero coma. The entrance pupil was placed at the primary mirror. This condition, along
with the requirement for a positive back focal distance, drives the secondary-to-},riinary mirror diameter ratio to
heat least 0.4. In fact a valuc near 0.55 was ysed in an early optical design. There are two consequences  resulting
from this large sccondary design. IFirst, the systemn iS very toleraut to optical aberrations; i.e. positional errors
remain small in the presence of macroscopice tilts, decenters, or surface contamination. This improves performance
of the Al. But the second consequence has a negative imnpact on ¢0TONA gy ik perforiance: throughput of the
coronagraph drops by @ significant factor as the cent ral obscuration increases, leading t0 anincrease in the required
observing times. For example the siall secondary solution described below allows factor of about 7 reduction
in observing times.

“1'0 reducethesize of the secondary mirror, we searched for zero- distortion designs with the entrance pupil
near the secondary. An additional constraint was introduced: the primary-to-secondary separation could hc no
larger than 5.5 m to fit into the required launch vehicle fairing. Manhart® and Shu? describe simall-sccondary
solutions with Korsch and Korsch-like designs having the entrance pupil near the secondary. The design we chose
is shown in ‘1’able 1 above. Small-secondary designs are less tolerant to aberrations thanlarge-secondary designs,
but nonetheless robust. Table 2 lists the tolerances of the AT design.

The ahove tolerances apply when a 3-parameter fit t0 the reference fields is emnployed. Using a 6-parameter
fit relaxes the tolerances further at the expense © f increased observing time.®
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Figure 2: Test Configuration for Scatter-Compensated Optics. S spherical mirror. F: reflecting flat

3. SCATTER-COMPENSATED SURFACES

The Cl will produce direct images of Jupiter-size planets. The primmary difficulty for theiinaging is the
contamination of planet light with background light from itS ceutral star. This is reduced in two ways. First, a
hybrid coronagraph (see below) reduces the diffracted light at the planet positionby a factor > 1000. Second,
scatter-cornpcn.sated surfaces reduce scattered light at mid-spatial frequencies, also by a factor of 1000. Mid-
spatial frequencies are critical because of the position of the planetsrelat ive to the stars onthe focal plane. For
example, a planet and a star 1-10 pe away with the Jupiter-Sun separation of 5 astronomicalunits (au.), will
be separated by 5-0.5 arcsec, or about 50-5 diffraction radii. ‘1'bus, light scattering from stellar into planetary
positions arises from optical figure errors with spatial frequencies 50-5 cycles per aperture. ‘1'0 achieve a factor
of 1000 scatter reduction, the integrated surface figure error over these frequencies mnust be less than3 A. The
integrated power spectruin when extended over all spatial frequencies, assuming a cubic dependence, results in
anintegrated error of lessthan 7 A.

Deterministic polishing can create mirrors with tile desired figure. Thechallenge is to ][leasure themnirrors
during and after the process to produce aud verify the results. A study concluded that twonethods could
successfully measure the fabricated optics.®In a “direct test” an annular zone on the mirror centered on the
point of tangency of a reference beam is tested. Therest of tile mirror is tested by measuring overlapping zones
and stitching together the results. Melozzi et d. demonstrated this mnethod.”In a “shear test” the mirror is tested
with a null corrector andthenmoved laterally and tested again. The slope of the wavefront is retrieved fromn
the difference between measurements and integrated to yield the figure error. Either method when imnplemented
would result inoptics with the required scattering reduction over the entire field of view.

However, it was recognized by Ftaclas’that for the specific problems of planet and circumnstellar material
detection, the full scattering reduction over the fullfield of view is overkill. The task is simplified when the field
of view for the full scattering reduction is restricted to the central5-10 arcsec where the circumnstellar action is.
First the primnary and secondary mirrors are each figured to achieve a scattering reduction of shout 100. Then the
mirrors are tested together andone of them isfigured to compensate for the errors of the otherin tile restricted
field of view. Figure 2 shows the configuration for this test.

in the figure, S is the spherical front surface of aninterfcromneterandl is a reflecting flat of about 60 cm.
Fringes are forined between I' and S, and by stitching overlapping regions a complete map of the aperture is
forined. This test offers several advantages: only onc optic needs the second level of figuring, the double-pass
nature relaxes the knowledge requiremnent onthe reference optics, and tile optical system is tested as a unit.
Calculations verify that this test addresses a suflicient field of view.
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Figure 3: Laboratory Coronagraph Scattering Reduction Results

4, HYBRIDCORONAGRIATI

Diffraction reduction is a nccessary step for imaging planets. The light from the diffraction wings of a star
is still 10% tirmes brighter than tile light from a Jupiter-like planet at the planet location. The ATl requiremnent
is to reduce the diffracted light hy at least a factor of 1000 to allow signal detection a the 1% level. Standard
coronagraphs consist of hard-edged occult ing masksin the focal plane andlyot® stops in the pupil plane. These
arc. limited in the ainount of diffraction reductioninthe central regions of the field. A hybrid coronagraph
uses a graded occulting rask (e.g. with @ Gaussian edge) to allow much larger diffraction reduction along with
increased throughput near the center of the field of view. This is clearly superior for the circumstellar material
and planctary detection problem.10 Even better performance may he possible with a graded Lyot stop.!!

Laboratory tests of a hybrid coronagraph demonstrate a factor of 1000 reduction in scattered light and verify
the model. Figure 3 shows these results from the laboratory coronagraph.

The optical design Of the AT coronagraph is described by Shu.!? It directs the light to @ 76 i diameter
paraboloid which collitnates the beam for the Lyot stops and filters. The back re-imaging optics are a Cassegrain
telescope and two folding flats that direct the light to the C1 CCD.

Modecling of the coronagraph shows that, in addition to reducing diffraction, it also reduces the scatter wings
associated with low-order Zernike aberrations. This means that there are no extraordinary requirements with
regard to focus, aligiment, or pointing. This last issue leads into our discussion of the parts of ACS that relate
to the optical system.

5. POINTING AN1) STABILITY

The ACS uses light provided hy the main telescope optics to provide the pointing and stability required for
the science observations. It contains aFocal I'lane Guider (FPG) that functions like a star tracker aud supports
the Al abscervations. A second stage, the Fine Guidance System (FG S) supports the higher detnands of the Cl.
Figure 5 illustrates the FPG/I'GS configuration.

Light from the edge of the science field is picked ofl by a mirror and sent via relay optics to the FPG CCD.
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This subsystemn provides 0.2 arcsec pointing accuracy and stability (over 30 minutes). When the Al is observing
this is the final stage of the pointing systemn. Since the Al makes relative measurcments between stars in the
same field, extraordinary pointing stability is not required. Care must be taken only that the stability inthe
frequency band in which the observations arc taken ( 0.03-0.1 Hz) is maintained at the level of the required
science accuracy.

When the Cl is observing, an occulting spot, part of the hybrid coronagraph, is moved onto the optical axis
at the focal plane. This spot reflects the rejected light from the central star into the FGSrelay optics and then
to the FGS CCD. The FGS subsystemn provides 0.05 arcsec pointing accuracy and 0.01 arcsec stability (over 30
minutes)and is the second stage of the pointing system. This stability is sufficient to keep the central star on the
occulting spot without significant leakage around the edges. As mentioned shove the model indicates that low
order Zernike aberrations in thissystemn arc suppressed by the corona graph.

Thislevel of pointing stability is sinilar to that obtained with the Hubble Space Telescope .1*14 The problem
of pointing is considerably eased for AIT' for severa reasons. First AIT is asmnaller telescope (about 2500 kg
compared to ST 11000 kg) with lower moments of inertia. Next, there have heen considerable advances using
CCDs inpointing systems over the last several years (e.g. ref. 15). Finally, the “guide” star is automatically
avail ablein AI'l'/Cl observations, it is located in the center of the field, and it is bright, at least 8thmnag.
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